An RF adaptive array antenna (RF-AAA) configured with variable capacitors is proposed. This antenna system can control the power combining ratio and phase value of received signals. In this paper, we focus on the diversity effects of RF-AAA. First, we show the design methodology of the combiner circuit to realize the effective combining. Second, the perturbation method and the steepest gradient method are compared for the optimization algorithms to provide fast convergence and suboptimum solutions among the variable circuit constants. Finally, in simulation, we show the RF-AAA can achieve diversity antenna gains of 7.7 dB, 10.9 dB and 12.6 dB for 2-branch, 3-branch and 4-branch configuration, respectively, which have higher performance than the selection combining.
Introduction
High quality transmission is desired for mobile communications applications. However, mobile systems are often used under non-line-of-sight multipath environment where the performance is degraded due to fading and interference [1] . Although the adaptive array antenna (AAA) is a useful technique to alleviate fading and interference, its realization in digital signal processing requires A/D and D/A converters, RF transmitters and receivers of the same number as the antenna elements so that it is difficult to implement on mobile terminals in terms of power consumption, cost and size.
On the other hand, the electronically steerable passive array radiator (ESPAR) antenna [2] can perform the signal processing in space by using variable-capacitance devices controlled electronically. Comprehensive studies have been reported for diversity and cochannel interference suppression and so on [3] , [4] . Especially, for diversity scheme, the directional diversity that the directivity is changed by switching the bias voltage of varactor diode, has been proposed. However, the ESPAR antenna is fed only on one element and the other elements are excited by mutual coupling. Therefore, there is no flexibility for the layout of elements.
The authors have proposed an RF adaptive array antenna (RF-AAA) configured with variable capacitors for mobile systems (Figs. 1 and 2) [5] . This system is equipped with reactance control circuits (RCCs), which are configured with variable capacitors, and a common matching circuit. Advantages of this structure are that signals are detected only by one receiver and therefore the hardware architecture is quite simple. In this system, the power-combining ratios and phase values of received signals are changed by the RCCs in RF when signals received at antennas are combined.
In this paper, we focus on the diversity effects of the RF-AAA and investigate the behavior and performance in simulations. First, we evaluate the weight realized with the RF-AAA by using the equivalent weight vector [4] . Second, the design method of the combiner circuit to achieve the effective combining is discussed. Third, the optimization algorithms to provide the suboptimum solutions of the variable circuit constants with fast convergence are addressed. Finally, we show the comparison of diversity performance between the RF-AAA and the conventional combining techniques like the selection combining (SC), equal gain combining (EGC) and maximal ratio combining (MRC), and conclude that the proposed system provides higher output SNR than SC.
Derivation of Equivalent Weight Vector
The antenna systems controlled by variable reactances are different from that for AAAs in the digital signal processing because the weights are not controlled directly. The equivalent weight vector model has been proposed to analyze the weights of the ESPAR antennas. In this model, the currents on the element in the transmitting mode are treated as 'equivalent' weights [4] . In this paper, the concept of equivalent weight vector is adopted for the RF-AAAs and the equivalent weights are derived in the receiving mode under the assumption that antennas are working for single mode. This model allows us to evaluate the weight controllability of RF-AAA including the mutual coupling. Figure 3 shows the equivalent circuit of the L-element RF-AAA. r rcvr implies the input impedance of the receiver looking from port 2. By using the open-circuit voltages of antennas v a , impedance matrix of antenna Z a , F-matrices of reactance control circuits and matching circuit F l , F m , the output power p rcvr is expressed as
where
Subscript l refers to the number of antenna element. We also use the notation [A] i j and [ · ] H to designate the (i, j) entry of matrix A and conjugate transpose operator, respectively. Besides, v outt and v int imply the output and input voltage on the circuit with F t , and it is also identical for i outt and i int . Now, we define w as the equivalent weight vector in receiving mode. 
Design of Combiner Circuit
This paper focuses on the diversity effects brought by the proposed system (RF-DA : RF diversity antenna). Here, we discuss the design method for the combiner circuit, the RCC and matching circuit, from the viewpoint of diversity by using the equivalent weight vector model. In this paper, the RCCs shall be configured with one variable capacitor and one inductor, that is, the number of antennas and variable capacitors are identical. Moreover, an additional inductor is loaded between the antenna and RCC to tune the reactance component of the antenna input impedance (Fig. 4) . When there is mutual coupling between antennas, the behavior of equivalent weights becomes more complicated. Therefore, we consider the case that the distance between antennas is adequately large and mutual coupling is negligibly small.
In order to realize optimum combining, it is necessary to fulfill these requirements.
(1) Realizing the arbitrary weights by the combiner. (2) Satisfying the good matching between the combiner and receiver.
However, each RCC has only one variable capacitor so that it is difficult to realize requirement (1). Moreover, matching is satisfied only for one combination among the variable circuit constants because the change of circuit constants implies various output impedances looking into the combiner from port 2. In other words, mismatch occurs and requirement (2) is not satisfied at almost all combinations of capacitances. Consequently, the RCCs and matching circuit have to be designed to work as effectively and losslessly as possible. Here, we shall have an assumption that the combining in phase will provide the suboptimum output SNR. By following this assumption, wide phase shift with narrow tuning range of capacitance is necessary. Therefore, the combiner circuit is designed, though the amplitude controllability is ignored, to fulfill this requirement as much as possible.
Design of Antenna and Reactance Control Circuit
According to Eqs. (3), (4) and (5), only L p=1 [K] pl are different between the equivalent weights, that is, there is an independent term regarding the phase control on the equivalent weights. Now, in order to evaluate the phase controllable ranges of the equivalent weights, the arguments of L p=1 [K] pl are determined as follows.
where c vl is the variable capacitance of branch l. Note that if there is no mutual coupling between the antennas, K becomes a diagonal matrix. It means that θ l consists of only c vl and it is independent of the other RCC's variable capacitors. According to Eq. (10), when k nl or k dl becomes zero, one that is not zero becomes relatively greater than the other so that the phase shift becomes more sensitive. Here, we define the capacitance c vnl and c vdl as c vl providing zero to k nl and k dl . The design of inductances in the antennas and RCCs is performed to realize desired c vnl and c vdl .
Design of Matching Circuit
As we have described, it is necessary to realize the wide phase control with the narrow turning range of the variable capacitor. This is important to achieve effective combining so that we make the matching at a certain combination of the capacitance values where phase shift is very sensitive. However, a lot of prospective combinations exist. Then, in order to determine the matching point, first, we plot the reflection coefficient γ cr looking into the combiner from port 2 for some combinations made by the capacitances where the phase shift becomes very sensitive. Second, the configuration of matching circuit is determined so as to satisfy the matching for the one of these combinations.
Example of Design
A design example is shown in case when all antennas are assumed to be half-wave dipole antennas, the input impedances shall be 73.1 + j42.5 Ω. Also the input impedance of the receiver is set to 50 Ω, and frequency is 5 GHz. Figure 5 illustrates the phase controllable range θ l in case when the RCC is designed to satisfy (c vnl , c vdl ) = (1.3 pF, 1.6 pF), (1.1 pF, 1.5 pF) and (0.8 pF, 1.5 pF). Moreover, the total phase controllable ranges are 168 degrees, Figure 6 shows the reflection coefficient γ cr in a 4-branch RF-DA. All considered combinations are shown in Table 1 . In this case, a T-type matching circuit is used and the element values are determined to satisfy the matching for (θ 1 , θ 2 , θ 3 , θ 4 ) = (180
Equivalent Weight Realized by Proposed System
We show a behavior of equivalent weights realized by the 2-branch RF-DA. Table 2 indicates the equivalent weights when some certain SNR per element is given. Note that s is the amplitude of the received signal. In this consideration, the search of optimum weights is performed through- out the range of controllable reactances. We can see that the equivalent weights are controlled in terms of not only phase but also amplitude. According to Figs. 5, 7 and 8, the amplitude and phase weight values are not controlled independently. It is because each branch is connected to the transmission line directly so that the changing reactances affect the input impedance at each branch looking from port 1, and the combiner works like an unequal power combiner. Although there is no isolation, the phases of received signals are controlled independently when mutual coupling between antennas does not exist. Moreover, Table 2 indicates that the RF-DA behaves like the equal gain combining or maximal ratio combining when the system compensates the phase difference of each incident voltage. In addition, the RF-DA works like the selection combining when the difference in the phase angle between each incident signal is quite large and amplitude of one incident voltage is much smaller than the other.
Optimization Algorithm
In digital signal processing, the optimum solution of the MRC (Maximal Ratio Combining) criteria realizes the maximum output SNR. On the other hand, in the RF-DA, convergence to the global maximum is difficult to achieve unless we use some methods such as the simulated annealing [6] or the Hamiltonian algorithm [7] , [8] and so on. In this paper, we focus on how fast convergence can be achieved and do not emphasize whether the solution gives a global maximum or local. Here, the perturbation method [9] and steepest gradient method [10] are considered for the optimization algorithms. The output SNR Γ(x) is used as the cost function where x is the reactance vector of variable capacitors. When we define additive white Gaussian noise with the average power of σ 2 as thermal noise at the input port of the receiver, Γ(x) is expressed as
All initial values of x are set to the reactances brought by 
Perturbation Method
Perturbation method is applied under the following process and reactances are changed by
(a) If Γ(x l (1)) > Γ(x l (0)) is satisfied, it repeats the recurrence with the same direction and step size. If not, it repeats the recurrence after α l is modified to −α l . (b) When Γ(x l (n)) < Γ(x l (n − 1)) or n > N occurs, add 1 to l and go back to process (a).
Note that α l , n and N are the step size for x l , iteration number and upper limit of iteration for one control frame, respectively.
Steepest Gradient Method
Steepest gradient method is applied for the recurrence equation below.
where µ is a positive real-value constant to control the convergence speed. Note that the gradient vector is normalized with its own norm to stabilize the convergence. In Eq. (13), the gradient vector is calculated as follows.
where [ · ] is the transpose operator.
Simulation Results

Simulation Condition
Simulation condition is explained below. The operating frequency is 5 GHz. The environment shall be quasistationarity and indoor, where multipath incident waves are modeled to be arriving from arbitrary 3D directions with constant probability, the amplitude and phase of the received signals at the antenna ports are uncorrelated Rayleigh distributed and random, respectively. The control range of the variable capacitor is from 0.7 pF to 6.0 pF corresponding to the commercial varactor diode. Moreover, Simulation is performed with the combiner giving (c vnl , c vdl ) = (1.3 pF, 1.6 pF).
Convergence Performance
Figures 9 and 10 show the convergence performance of 4-branch RF-DA in the case when µ and α l are both 0.2 and SNR per element is changed 20 times. These step sizes are set for valid convergence stability and speed. The perturbation method and the steepest gradient method provide the convergences after around 80 iterations and 30 iterations, respectively. Although we still have to verify the accuracy of these solutions for each method, it is obvious that the steepest gradient method allows convergence with smaller iteration than the perturbation method. Moreover, we observe that variable step sizes, changed as iteration progresses, will give more stable and faster convergence in both methods.
Diversity Antenna Gain
Diversity antenna gain (DAG) evaluates the total performance including the antenna and propagation environment [11] . If the fading is slow, the outage probability is a good criteria to measure the link quality. DAG-OP is defined as the gain of SNR at a specific outage probability with respect to a reference antenna under the same propagation environment [12] . The DAG-OP is represented as
where Γ div is the SNR at a specific outage probability for the diversity reception case and Γ ref is the SNR at the same outage for the reference antenna, which is a single half-wave dipole antenna in this case. Figure 11 illustrates the cumulative probabilities of output SNR for the 2-branch and 4-branch RF-DAs, SC, EGC and MRC. Furthermore, Table 3 indicates the DAG-OPs which satisfy the outage probability of 5 percent for the SC, EGC, MRC and the proposed system with incoming wave conditions as identified above. It is obvious that the RF-DA provides higher performance than SC. Figure 8 shows that there is performance degradation when the good matching is not satisfied. Hence, we can see that the RF-DA works only for reactance combinations that is Fig. 11 Cumulative probabilities. optimized by the maximization of output SNR while giving effective combining as well as acceptable mismatch. Therefore, the matching is a critical matter for performance. We observe that the performance is improved and wider controllable range of weights will be achieved by using the matching circuit configured with variable capacitors and controlled adaptively. However, the RF-DA provides higher performance than the SC without adaptive matching system when the combiner circuit is designed so as to realize the wide phase controllable range with the narrow tuning range of variable capacitors. For future works, it is necessary to check the validity of simulation by experiment. In addition, we have to establish a design method for the system including mutual coupling, because each equivalent weight for coupled antenna is mutually dependent not only in amplitude but also in phase so that we can not use the design criterion focusing only on the phase. Therefore, the influence of the mutual coupling to the interference suppression performance is also to be studied.
Cumulative Probability
Discussions
Conclusion
An adaptive array antenna configured with variable capacitors is proposed. This proposed system performs signal processing in RF. In this paper, the design methodology was discussed to achieve the effective combining from the view point of diversity. Moreover, it was shown that the steepest gradient method could operate faster than the perturbation method to determine the suboptimum reactance combinations of the variable constants. Finally, we revealed that the proposed system provided higher diversity performance than the selection combining in simulation.
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